Large quantities of engineered nanoparticles (NP), such as nanosilver (AgNP), have been widely applied, leading to an increased exposure and potential health concerns. Herein, we have examined the ability of AgNP to induce reactive oxygen species (ROS), their role in genotoxic effects and the involvement of mitogen-activated protein kinases (MAPK). AgNP exposure induced ROS production in human epithelial embryonic cells which could be decreased by diphenyleneiodonium (DPI), an inhibitor of NADPH oxidases. Extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) phosphorylation, induced by AgNP, was an early response but not sustained in time. Furthermore, JNK and ERK activation could be inhibited by both DPI and a free radicals scavenger N-acetyl cysteine. We also investigated the role of MAPK in the DNA damage. Using a modified comet assay for the specific detection of hOGG1 sensitive sites, we showed that AgNP induced DNA oxidation after 30-min treatment, whereas no response was observed after 2 h. In conclusion, AgNP seem to induce DNA damage via a mechanism involving ROS formation. The oxidative DNA damage observed was transient, likely due to DNA repair; furthermore, higher damage was achieved upon inhibition of ERK activation by pre-treatment with U0126, suggesting a role for ERK in DNA damage repair. Activation of different MAPK might play an important role in the NP toxicity outcomes; understanding this process may be helpful for the identification of NP toxicity.
Introduction
Due to their size, engineered nanoparticles (NP) differ from the corresponding bulk material; their unique physicochemical properties are impressive from a material science perspective but may otherwise be undesirable because of more aggressive forms of toxicity (1) . Chemical composition and catalytic activity of NP may enhance toxicity through the ability to react repeatedly with DNA, proteins and membranes and their long-term persistence in the host cell (2) . The interaction between NP and macromolecules could have many consequences such as membrane permeability changes, signalling effects, enzyme inhibition, oxidant injuries and mutational alteration.
Despite major efforts to understand the adverse effects of NP, there is still a serious lack of information concerning the potential hazardous effects of manufactured NP on human health.
Based on the data that Woodrow Wilson Center's Project on Emerging Nanotechnologies (PEN) has collected, nanosilver (AgNP) appears to be the most common nanomaterial used today in manufactured consumer products (PEN, 2009, 196774) . More than 25% of the products included in the PEN inventory, including cosmetics, fabrics, toothpaste, toothbrushes, kitchen surfaces, plasters and medical equipment, are listed as containing AgNP. As the widespread exploitation of AgNP mainly arises from their antimicrobial properties, it is necessary to consider and determine if toxicity is mediated by AgNP within mammalian cells. It has, however, been shown in different mammalian models that AgNP may enter the body via different exposure routes and translocate to various organs where they can exert toxic effects depending on the dose applied. The potential to exert cytotoxic effects as observed by increased necrosis and apoptosis, and decreased proliferation, has also been revealed upon in vitro exposure, with the extent of cytotoxicity depending on size, intracellular release of silver ions, agglomeration and functionalisation of the AgNP, the concentrations and cell types used (3, 4) . Although conflicting results have been found (5), AgNP have been also shown to cause genotoxic effects, such as DNA strand breaks, point mutations and DNA base oxidation (6) (7) (8) (9) (10) .
Reactive oxygen species (ROS) generation and oxidative stress have been proposed to be likely mechanisms by which AgNP induce toxicity (11) . Under normal conditions, ROS are generated, at low frequency, during cell respiration in the mitochondrial electron transport chain, but they are easily neutralised by antioxidant defences. However, under condition of stress such as during NP exposure, an excess of ROS production can occur and the antioxidant defences available may be overwhelmed resulting in a fall in glutathione reduced/glutathione oxidized (GSH/GSSG) ratio. The excess of ROS production might be due to enzymatic or non-enzymatic mechanisms. It has been shown that NP can interact and interfere with the function of proteins. An example is the NADPH oxidase (NOX) family, which is directly responsible for the production of superoxide radicals in the cells. In a study on pulmonary endothelium, NOX was reported to be involved in ROS generation following exposure to ultrafine particles (12) .
It has been proposed that ROS play a role in AgNP genotoxicity but information about the downstream pathways through which AgNP signal in human cells and induce DNA damage is still very limited (9, 13, 14) .
Mitogen-activated protein kinases (MAPK) are a group of serine-threonine proteins responsible for modulating many cellular responses. This group includes extracellular signal-regulated kinase (ERK), p38MAPK and c-Jun N-terminal kinase (JNK). To date, only few studies have been reported on the activation of MAPK signal pathways by AgNP resulting in a lack of information regarding the mechanisms underlying AgNP toxicity (15) .
The aim of the current study was to provide an insight into the mechanisms of AgNP toxicity. We investigated the possible sources of ROS production as a major contributor to oxidative stress induced by AgNP. Further, we studied the activation of JNK and ERK and whether it is mediated by a ROS-dependent mechanism. Subsequent cellular consequences of oxidative stress such as DNA damage and the MAPK implication were also investigated.
Materials and methods

Materials and reagents
Unless otherwise noted, all chemicals were from Sigma.
Cell line
The human epithelial embryonic cell (EUE) line was kindly provided by Prof. Abbondandolo, Pisa, Italy. Cells were cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Omega Scientific inc., Tarzana, CA, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml) and maintained in a humidified atmosphere containing 5% CO 2 and 95% air at 37°C. Cells were trypsinised, collected and resuspended in fresh medium twice a week.
Before treatment with AgNP, cells were exposed, where indicated, for 30 min to 2.5 µM diphenyleneiodonium (DPI), for 30 min to 2.5 mM N-acetyl cysteine (NAC), a ROS scavenger, or for 1 h to 10 mM U0126, an inhibitor of ERK activation.
AgNP dispersion and characterisation
Spherical AgNP of nominal diameter 20 ± 5 nm were purchased from Plasmachem GmbH, Berlin Germany. A stock solution at concentration of 2 mg/ml was prepared fresh before use in filtered distilled water, vortexed and sonicated (Labsonic®P, Sartorius Stedim Biotech, Göttingen, Germany) for 3 min (100% cycle, 100 W) on ice. After sonication, phosphate-buffered saline (PBS) and bovine serum albumin (BSA) at a final concentration of 1.5% were quickly added. Different concentrations were prepared in complete DMEM and added to the cells for the time indicated at 37°C in a 5% CO 2 atmosphere. Detailed characterisation by dynamic light scattering (DLS), scanning (SEM) and transmission (TEM) electron microscopy has already been published (9, 16) . DLS measurements in DMEM immediately after dispersion detected three populations of particles; single particles (mean diameter of 33.9 nm) and medium and large agglomerates with mean diameter of 225.9 and 4050 nm, respectively. The DLS values in DMEM measured after incubation for 30 min showed only a slight shift with time. The z-potential of the AgNP analyzed in water at 100 µg/ml was −37.4 ± 2.5 mV (without BSA and PBS supplement) and −26.7 ± 0.8 mV (with BSA and PBS supplement). SEM analysis showed AgNP forming small agglomerates with average size of ~100 nm and a TEM image showing AgNP ranging in size between 20 and 100 nm. However, agglomerates were observed (9, 16).
ROS measurement with fluorophore dihydrodichlorofluorescein
Cells (2 × 10 5 ) were seeded in a 12-well plate 24 h prior to the exposure to AgNP for 30 min. Medium was replaced with Hank's balanced salt solution (HBSS) with no phenol red. A solution of HBSS containing 20 µM dihydrodichlorofluorescein (H 2 DCF-DA) was added to the cells for 40 min. Cells were washed twice with PBS, trypsinised and collected in clean tubes. Cells were lysed using a 1% Triton solution. After centrifugation, the supernatant was used to measure in duplicate with the fluorescence at 488/515 λ excitation/emission.
Superoxide measurement
Cells (2 × 10 5 ) were seeded in a 12-well plate 24 h prior to the exposure to AgNP. Medium was replaced with HBSS with no red phenol containing 2.5 mM nitro blue tetrazolium (NBT) reagent alone or with 2.5 µM DPI for 30 min. Three different concentrations of AgNP were added to the wells for 10, 30 and 60 min followed by 5-min incubation with 7.4% formaldehyde at 37°C. Cells were then washed twice with PBS and thoroughly once with methanol. Cells were allowed to air dry and the blue formazan formed was solubilised adding 2 mM KOH and 100% dimethyl sulfoxide. The solution was collected and the optical density was measured at 630 nm.
Western blot
Proteins were resolved on 10% Tris-glycine acrylamide gel (Invitrogen, Carlsbad, CA, USA) under denaturing conditions before being transferred electrophoretically onto a polyvinylidene difluoride membrane (Immobilon P; Millipore, Bedford, MA, USA). Membranes were blocked with 5% non-fat dry milk (NFDM) at room temperature for 1 h and then incubated overnight at 4°C with primary antibody diluted in 5% NFDM in Tris-buffered saline (TBS) as indicated (1:1000 anti-phospho p38; 1:2000 anti-phospho-ERK; 1:1000 anti-phospho-JNK; 1:2000 anti-GAPDH). After being washed with TBS containing 0.05% Tween 20, the membrane was incubated with goat anti-rabbit conjugated to horseradish peroxidase (1:2000) at room temperature for 2 h. The blots were developed by the enhanced chemiluminescence technique (ECL Plus; Amersham, Arlington Heights, IL, USA) according to the manufacturer's instructions. The bands of interest were imaged with and quantified by photon counting using the charged-coupled device camera of a Kodak Image Station 2000MM (Kodak, Rochester, NY, USA) and Kodak 1D 3.6 Image Analysis Software. Photon counting was used for graphing and statistical analysis.
DNA damage measurement with the Comet assay
The alkaline version of the comet procedure was followed according to Collins et al. with slight modifications (17) . Pre-treated and treated cells were suspended in 1% low melting point agarose in PBS buffer (Ca 2+ and Mg 2+ free). A volume of 60 µl of cell suspension (~2 × 10 4 cells) was spread on pre-coated slides and covered with a cover slip. Cells exposed to hydrogen peroxide (250 µM, 5 min, on ice) or to the photosensitizer Ro19-8022 (kindly obtained from Hoffmann La Roche) plus visible light (1 µM in PBS, 500-W tungsten-halogen source at 30 cm, for 5 min, on ice) were used as positive controls. Slides (two for each sample) were placed in lysis solution (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris-HCl, pH 10 and 1% Triton X-100) for 1 h at 4°C. After lysis, half of the slides were incubated with hOGG1 enzyme (50 µl per gel, 30 min, 37°C humidified atmosphere), and then the unwinding was performed in buffer (300 mM NaOH, 1 mM Na 2 EDTA, pH > 13) in an electrophoresis tank for 20 min at 4°C. A field of 25 V (0.8 V/cm, ~300 mA) was then applied for 30 min. The slides were washed in PBS (10 min) and double distilled H 2 O (10 min) at 4°C. Samples were stained with 20 µl SYBR gold (0.1 µl/ml in Tris-EDTA buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 7.5-8) and 100 comets (50 per gel) for each sample were scored by computerised image analysis (Comet Assay IV 4.2, Perceptive Instruments Ltd) for determination of relative tail intensity.
Statistical analysis
All data are expressed as the mean of at least three independent experiments ± SD. Analysis of variance and the Tukey's test were performed to compare the variants between experimental groups. Statistical significance was accepted when P <0.05.
Results
AgNP induce production of intracellular ROS and NOX-dependent superoxide ROS production following exposure of diverse NP, such as nanocopper, silica and iron NP, has been reported in several studies (18) (19) (20) . In order to test whether oxidative stress occurred in our experimental system, we used as detection probe, H 2 DCF-DA. To assess the effect of AgNP on ROS formation, EUE cells were incubated with different concentrations of AgNP for 30 min. As shown in Figure 1 , AgNP induced ROS production even at the lowest concentration (1 µg/ml), as observed by H 2 DCF-DA fluorescence compared with control cells. Samples treated with H 2 O 2 were used as positive control. The DCF method is based on the conversion of 2′,7′ dichlorofluorescin into fluorescent 2′,7′ dichlorofluorescein by ROS, primarily peroxyl radicals and peroxides such as peroxynitrites (21-23), but it does not provide any further information on which specific ROS are produced. We also measured superoxide (O 2 •− ) anions produced by the cells using the NBT assay. As shown in Figure 2A , the O 2
•− production started to increase after 10 min of AgNP exposure reaching the maximum at 30 min and then decreasing to the control level after 1 h. Interestingly, our results indicate that AgNP does not induce a concentration-dependent response in EUE cells. NBT is a cell-permeable compound which has been widely used for the detection of O 2
•− anions in cells (24) (25) (26) . Results in Figure 2B show that incubation with an inhibitor of the NOX family, DPI, prior to AgNP exposure for 30 min, could significantly inhibit O 2
•− formation, suggesting that most of the O 2
•− production was a consequence of enzymatic activation. We cannot, however, formally exclude a diaphorase activity (i.e. NBT would receive electrons directly from cell enzymes without a O 2
•− intermediate) (27) .
AgNP induce ROS-dependent ERK and JNK phosphorylation but not p38 phosphorylation MAPK pathways regulate several of the important biological processes in the cell such as mitosis, metabolism, survival, apoptosis and differentiation. The most extensively studied groups of MAPK to date are ERK1/2, JNK1/2 and p38 kinases. We examined the activation of ERKs, JNKs and p38 upon short-term and long-term AgNP exposure. Total extract from EUE cells treated with different concentration of AgNP for several lengths of exposure were subjected to western blot analysis using a monoclonal antibody to the phosphorylated form of ERK1/2, JNK1/2 and p38. As shown in Figure 3A , AgNP induced phosphorylation of ERK1/2 and JNK1/2 but not p38 after 30 min with a concentration-dependent increase from 1 to 25 µg/ml. The level of phosphorylation decreased to almost the control level after 1 h. Reprobing the same membrane with an anti-GAPDH antibody indicated similar protein loading in each lane. The activation of ERK1/2 and JNK1/2 was only an early response to particles treatment. This is further confirmed by results presented in Figure 3B , where 24-h treatment to AgNP did not induce phosphorylation of ERK and JNK. Interestingly, these data show that there was a correlation between the time point at which the O 2
•− formation reached the maximum and the phosphorylation of ERK and JNK.
We further examined the role of ROS in ERK and JNK activation. Western blot analysis showed that incubation of DPI and NAC prior to AgNP exposure was able to inhibit JNK and ERK phosphorylation induced by AgNP (Figure 4 ). This suggests that the phosphorylation/activation of both kinases is mediated by a ROSdependent mechanism.
AgNP induce DNA oxidation damage
Although in different cell lines, cytotoxicity data concerning this AgNP dispersion have been published from our laboratory and from Lankoff et al. Using several cytotoxicity and viability assays, 30 min treatment with AgNP did not show any toxicity to any concentration used (1, 50, 100 µg/ml) by trypan blue exclusion or colony forming ability assays, whereas only 100 µg/ml showed cytotoxicity by relative growth activity (9) . Furthermore, Lankoff et al. showed that also at 24-h AgNP did not induce cytotoxicity if not at higher concentrations (50, 100 µg/ml) (16) . As this AgNP dispersion did not show high cytotoxicity, we next investigated its potential genotoxicity.
In order to test whether AgNP induced DNA oxidation lesions, we performed the modified Comet assay using hOgg1, a glycosylase used for the detection of 8-oxoG. As observed in Figure 5A , AgNP induced a dose response of DNA oxidation lesions after 30 min of exposure in EUE cells. In contrast, no significant strand breaks were detected upon 2-h treatment. As the time frame in which the oxidative lesions were present correlated well with the O 2
•− production (Figure 2A ), we next investigated whether
•− played a role in the DNA oxidation. Incubation with DPI followed by AgNP exposure completely inhibited the oxidative DNA modifications measured by the comet assay, suggesting that DNA oxidation is dependent on AgNP-induced O 2
•− formation. Furthermore, DNA modifications were lower after 2-h AgNP exposure ( Figure 5B ), indicating that DNA repair was already induced. However, it is difficult to interpret the repair kinetics when the damaging agent is still present. 
ERK is involved in the regulation of repair of DNA oxidation damage induced by AgNP
Increased activation of ERK, as detected by increased ERK tyrosine phosphorylation, was seen in EUE cells after 30 min of AgNP exposure ( Figure 3A ). Furthermore, 2 h after AgNP exposure, DNA repair was induced. To answer the question whether protection against oxidative damage to DNA was being conferred by ERK activation, the cells were plated in the presence of 10 µM U0126, an inhibitor of the ERK-activating mitogen-activating kinase (MEK). Culture for 1 h with U0126 abolished the capacity of the cells to repair DNA after 2-h exposure ( Figure 5B ), suggesting that protection against oxygen-induced DNA modifications by AgNP, occurred through an ERK activation-dependent pathway.
Discussion and conclusions
Even though, AgNP are among the most commercialised nanomaterials, the mechanisms that regulate AgNP toxicity are still not fully understood. The present work supports the key role of ROS in AgNP-induced genotoxicity and extends our knowledge of the AgNP-mediated mechanism of ROS generation. Finally, ERK activation seems to be involved in the regulation of repair of AgNPinduced DNA oxidation damage.
Like airborne ultrafine particles, ROS and the associated oxidative stress are proposed as a crucial mediator for NP toxicity (11, 28) . However, how the presence of NP could increase the ROS formation is not completely understood. The natural property for many NP to bind transition metals is believed to enhance ROS-induced toxicity. Furthermore, the surface chemistry of particles can lead to direct ROS formation (29, 30) . Additionally, NP can directly interfere with the mitochondria or enzymes producing ROS, such as NOX. Evidence that NOX2 is involved in ROS generation was shown by Mo et al. in a mouse pulmonary endothelium model following exposure to ultrafine particles (12) . Similar evidence was suggested by the data presented here where the source of O 2
•− appeared to be due to activation of one or more NOX isoforms, as exposure to DPI, a nonspecific but widely used inhibitor of NOX family, reduced the release of AgNP-induced ROS from the cell ( Figure 2B ).
The activity of NOX2 is regulated mainly by phosphorylation of the serines of p47 (PHOX), one of its cytosolic subunits. It is also regulated by modification of four cysteines of the same subunit, as indicated by the replacement of those cysteines by alanines (31) . Given the reported ability of AgNP to influence protein structure and function following adsorption via anionic amino acids such as cysteine, one can speculate that AgNP might modulate the activity of these families of enzymes through this mechanism (32) .
We next examined the role of AgNP-generated ROS, as mediator of activation of MAPK pathways, focusing on the three best-defined subgroups: p38, ERK and JNK.
It is now well accepted that ROS can induce and mediate the activation of MAPK pathways in responses to several stimuli, regulating several cell processes such as proliferation and apoptosis (33). However, it is not clear whether ROS act as mediator of the biological effects of AgNP through the activation of MAPK or its direct involvement in cell damage, or both. Furthermore, ROS might be a direct consequence of cell mechanical injury and these mechanisms might work in concert resulting in different degrees of toxicity depending on the nature of the NP. Recently, Hsin et al. (2008) showed that AgNP acted through ROS and JNK to induce apoptosis (34) . In contrast, Asharani et al. (2009) showed the direct involvement of AgNP in the disruption of mitochondrial activity and apoptosis (35) . Additionally, Eom and Choi suggested that DNA damage and apoptosis were attributed to the upstream signalling mechanism of p38 MAPK (15) . In contrast with the data of Eom and Choi, our results suggested that ROS produced by NOX (O 2
•− and H 2 O 2 following O 2 •− dismutation) are involved in the activation of ERK and JNK but not p38, and that ROS induced oxidative DNA damage directly and not through the activation of MAPK pathways. The response of cells to AgNP in our experimental model occurred as an early event. The greatest ROS production, in fact, was reached after 30 min, the same time as the activation of ERK and JNK in the cells reached the highest level, as well as oxidative damage to the DNA. Such an early response to NP has been reported by Diaz et al. in Jurkat cells, where ROS production increased after short incubation times (5-30 min), whereas no ROS production was reported with longer periods of incubation (36) . A variation in the time rate response to NP may be found depending on different susceptibility of cells which in turn depends on the type of NP (37) .
The kinetics of cellular binding and uptake of AgNP, used in our experimental model, has been previously reported in A549, HepG2 and THP-1 cells by Lankoff et al. Based on the analysis of side scatter distribution ratio as measure of cellular uptake, the presence of AgNP was found in cytoplasm and organelles after 2-h exposure. However, the possibility that AgNP uptake occurs even faster cannot be ruled out as 2 h was the shortest time point of their measurement (16) . Additionally, we found that AgNP were taken up by HEK 293 cells after 30-min exposure mostly as single particles in vacuoles and cytoplasm (9) . Furthermore, NP uptake after 30 min has been shown in human aortic endothelial cells (HAEC) using TEM (38) .
Oxidative stress has been indicated as one of the main mechanisms by which AgNP exert their toxic effect (39) . It has been reported that ROS can generate a variety of DNA modifications including strand breaks, sites of base loss and oxidised purine and pyrimidine modifications (40-42). 8-Oxoguanine (8-oxoG) is one of the major base lesions formed after oxidative reaction with DNA and is responsible for the high rate of spontaneous mutations in all aerobic cells. We further examined the DNA damage induced by AgNP and the upstream signalling mechanisms responsible for the DNA oxidation lesions. Our results showed that AgNP induced mainly oxidative lesions as only the modified version of the Comet assay, using hOGG1 enzyme, could detect DNA damage. TEM experiments showed evidence of AgNP translocation into the cell nucleus (9) . AgNP can, then, interact with the DNA causing genotoxicity. However, our data indicate that rather than being a consequence of direct interaction between AgNP and DNA, oxidative lesions result from ROS generated by NOX (O 2 •− and/ or H 2 O 2 ), as the AgNP toxicity could be prevented by incubation with NOX inhibitor. As ROS are short-lived species, due to the cellular antioxidant defence, it is unlikely that the ROS produced by NOX2 or any other cytosolic NOX could cause damage to DNA. One likely candidate of NOX family is NOX4. It has been previously reported that NOX4 is localised such that it delivers H 2 O 2 to the nuclear compartment which causes oxidative modification of DNA (43) ; thus, activation of the different NOX isoforms by AgNP might depend on its cellular localisation which in turn would causes differential cell damage.
As previously mentioned, we found that DNA damage is not mediated by MAPK pathways. However, ERK pathways were found to be crucial in the process of DNA repair of oxidative damage. Our results showed that after 2 h of AgNP exposure, the DNA is completely repaired; nevertheless, the inhibition of JNK and ERK phosphorylation levels were determined by western blot (A). The bands of interest were imaged and photon counting was quantified by using a Kodak Image Station 2000R and Kodak 1D 3.6 Image Analysis Software. Photon counting was used for creating the bar graphs (B). **P < 0.005, *P < 0.05 treatment versus control. # P < 0.005 treatment versus inhibitors.
MEK, the protein directly upstream of ERK, abolished the cellular capacity for DNA repair. In accordance with our data, previous observations showed the contribution of the MEK-ERK kinases to the DNA damage response; nonetheless, the underlying mechanism remains still to be determined (44) . One mechanism proposed is that ERK kinases facilitate ATM and Rad3-related protein kinase (ATR) and ataxia telangiectasia-mutated protein kinase (ATM) activation either by direct phosphorylation or through phosphorylation of other components involved in the ATR/ATM activation pathway. Additionally, because of the rapidity of the response to AgNP, another possible mechanism is that an ERK signal pathway induced by oxidative stress (AgNP mediated) might cause transfer of repair enzymes to the nucleus, their site of action (45) .
Taken together, these data show that AgNP genotoxicity is mainly mediated by ROS production and that a ROS-engaged ERK pathway is critical for the cytoprotection against AgNP toxicity.
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